The nature of the primordial genetic polymer of life is a subject of continuing debate. Although there is strong evidence in support of an early stage in the evolution of life, during which RNA played dual roles as both a genetic and a functional polymer ([@r1][@r2]--[@r3]), the question of possible progenitors to RNA remains unresolved. At one extreme is the idea that life began with a much simpler genetic polymer, such as might be formed from the self-assembling melamine:barbituric acid nucleotides, studied by Hud and coworkers ([@r4]). However, informational inheritance has not yet been demonstrated in such simple systems, and how such systems could transition to more modern genetic polymers found in nature is unclear. At the other extreme lies the conceptually simple idea that life began with essentially modern RNA, synthesized directly by prebiotic chemical processes. This model, championed by Sutherland, is supported by the demonstration of potentially prebiotic pathways to the canonical pyrimidine nucleotides ([@r5], [@r6]), but purine nucleotide synthesis remains challenging ([@r7]). Furthermore, despite recent advances, the nonenzymatic replication of RNA is still an unsolved problem ([@r8]). Between these two extremes lie many models that suggest that the primordial polymer was closely related to, but not identical to, modern RNA. Many of these models invoke a degree of heterogeneity in the backbone (e.g., a mixture of 2′-5′ and 3′-5′ linkages) ([@r9]), in the sugar (e.g., a mixture of 2′-deoxyribose and ribose) ([@r10]), or in the nucleobases, which might have been partially or fully replaced with modified nucleobases such as 2-thio-uracil to provide stronger and more accurate base-pairing ([@r11]). Because a major goal of research into the origin of life is to delineate plausible pathways from prebiotic chemistry to simple forms of life, continued investigation of the chemistry of potential early genetic polymers is needed to bring to the forefront chemical variations on RNA that could have been involved in the origin of life, while eliminating nonfunctional chemistry from consideration. Here we show that the 8-oxo-purine nucleotides, recently shown to be potential products of prebiotic chemical pathways ([@r7]), could not have been part of a primordial RNA-like genetic polymer, whereas inosine, previously dismissed as a plausible substitute for guanosine ([@r12], [@r13]), functions as well as guanosine in an experimental model of RNA copying chemistry.

Because there were no evolved macromolecular catalysts such as enzymes or ribozymes at the earliest stages of the origin of life, both the rate and fidelity of nonenzymatic replication are of special interest ([@r8], [@r14]). Since RNA is easily degraded, nonenzymatic replication cannot be arbitrarily slow. Similarly, the error rate of nonenzymatic RNA replication must not exceed the Eigen error threshold (roughly the reciprocal of the number of critical bases in a sequence), above which genetic information cannot be maintained because mutations accumulate faster than they can be eliminated by selection ([@r15]). Small ribozymes with catalytic rates on the order of 1 min^−1^ are typically at least 30--50 nucleotides in length ([@r16]), suggesting that an error rate of less than 2--3% would be necessary to preserve functional information during repeated cycles of replication ([@r17]). Modern cellular life employs highly evolved polymerases and error-correcting enzymatic pathways to ensure high fidelity ([@r18], [@r19]); primitive protocells, in contrast, could only have relied on the intrinsic chemical properties of nonenzymatic RNA polymerization to govern the fidelity of heredity before the advent of enzymatic mechanisms to survey and correct errors. Nonenzymatic template-directed RNA synthesis has been reported to show error rates of up to 17%, with most errors arising from G:U wobble pairing ([@r20]). However, the significant decrease in the rate of continued RNA primer extension after a mismatched base pair, referred to as the stalling effect, increases the effective fidelity of the most rapidly synthesized full-length products ([@r15]). Elucidating the parameters that govern fidelity, rate, and stalling factors is therefore critical in evaluating the prebiotic conditions that would favor the emergence of Darwinian evolution.

The kinetics and fidelity of nonenzymatic copying reactions can be improved with modified nucleobases. For example, higher fidelity can be achieved by substituting 2-thio-uridine (s^2^U) or 2-thio-ribothymidine (s^2^rT) for U, which simultaneously stabilizes the correct A:U base pair and destabilizes the undesired G:U wobble pair ([@r11], [@r21]). In contrast, the deamination of adenosine yields inosine, which can pair with a number of nucleobases (A, U, and C) ([@r22]), and which might therefore be expected to exhibit low fidelity in copying reactions. The 8-oxo-purines, which arise from oxidative damage, tend to adopt a *syn* conformation and form Hoogsteen base pairs, which may also decrease copying fidelity ([Fig. 1](#fig01){ref-type="fig"}) ([@r23], [@r24]). It is reasonable to assume that prebiotic synthetic pathways that generate nucleotides may also yield intermediates and byproducts, or damage and decay products, that give rise to non-Watson--Crick base pairs. Indeed, recent advances by Powner and coworkers ([@r7]) demonstrate efficient prebiotic pathways to the 8-oxo-purine nucleotides and the pyrimidine nucleotides that diverge from a common precursor. As the effects of the 8-oxo-purine and inosine nucleotides on the fidelity and kinetics of nonenzymatic RNA copying have not previously been explored, we sought to evaluate 8-oxo-purines and inosine as potential prebiotic surrogates for the canonical purines.

![(*A*) Chemical structures of 2-amino-imidazole activated purine and 8-oxo-purine nucleotides. (*B*) Chemical structure of reactive 2-aminoimidazolium-bridged intermediate in template-directed primer extension. (*C*) Chemical structures of Watson--Crick pairing (*Left*, e.g., G:C) and Hoogsteen pairing (*Right*, e.g., 8OxG:A).](pnas.1814367115fig01){#fig01}

Given the significance of prebiotic synthetic pathways, as well as the unusual pairing properties of 8-oxo-purines and inosine, we sought to evaluate how these noncanonical nucleotides behave when used in place of the canonical nucleotides in nonenzymatic, template-directed primer extension reactions. We find that activated 8-oxo-purine monomers show extremely low rates of primer extension, and once incorporated, they strongly decrease the rate of incorporation of the next nucleotide. Furthermore, 8-oxo-purine nucleotides on the template strand lower the fidelity by promoting primer extension with both Watson--Crick and Hoogsteen pairing partners. However, activated inosine monomers can be incorporated at a rate comparable to activated guanosine opposite C in the template, while minimally affecting subsequent primer extension. In addition, inosine in the template strand promotes rapid primer extension with cytidine, suggesting that inosine would be an effective component of a primitive genetic polymer.

Results {#s1}
=======

Primer Extension with 8-Oxo-Purine Monomers. {#s2}
--------------------------------------------

To investigate the activity of the 8-oxo-purine nucleotides as substrates for nonenzymatic primer extension, we evaluated the rate of primer extension using these noncanonical nucleotides as activated monomers across from all four canonical nucleotides on a series of templates ([Fig. 2](#fig02){ref-type="fig"}). Our laboratory has previously shown that 5′-activated downstream oligonucleotides significantly accelerate primer extension with activated monomers, such that an RNA template with all four canonical nucleobases can be copied ([@r25]). This catalytic effect is the result of the reaction of the incoming activated monomer with the activated downstream oligonucleotide to form a highly preorganized imidazolium-bridged species that is poised to react with the primer ([@r26]). Structural stabilization of the correct helical geometry by the downstream helper oligonucleotide also contributes to the overall rate enhancement ([@r27]). We therefore prepared 2-aminoimidazole (2AI) activated 5′-monophosphates of 8-oxo-A (8OxA), 8-oxo-G (8OxG), and 8-oxo-I (8OxI) to give the corresponding activated monomers 2AIp-8OxA, 2AIp-8OxG, and 2AIp-8OxI, respectively ([Fig. 1](#fig01){ref-type="fig"}) ([@r28]). We also generated a 2AI-activated trinucleotide helper, and we used this downstream trinucleotide in all experiments where we measured the kinetics of monomer incorporation in helper-assisted nonenzymatic primer extension reactions ([Fig. 2*A*](#fig02){ref-type="fig"}).

![Evaluation of 8-oxo-purine nucleotides in nonenzymatic primer extension. All reactions were performed at pH 8.0, 200 mM Na-Hepes, 50 mM Mg^2+^, 20 mM 2AIpP~1~, 0.5 mM activated trimer. (*A*) Schematic representation of a primer extension reaction. 2AIpP~1~ represents 2-aminoimidazole-activated monomers, and 2AIpNNN represents 2-aminoimidazole-activated trimer helper. (*B*) Rates of primer extension for 2-aminoimidazole-activated 8-oxo-purines across canonical nucleotides. W.C. indicates the Watson--Crick pair monomer corresponding to each nucleobase on template. (*C*) Rates of primer extension for 2-aminoimidazole-activated canonical nucleotides across 8-oxo-purine nucleotides. Projected misincorporation rates (μ~N~) for template bases N~1~ were determined by dividing the sum of the incorporation rates across the incorrect pairs by the sum of all the incorporation rates across represented P1 bases. See [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental) for kinetic analysis of primer extension reactions ([*SI Appendix*, Figs. S1--S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental)). Values are reported as the mean +/− SD from triplicate experiments.](pnas.1814367115fig02){#fig02}

The observed rate of primer extension for each activated monomer was compared with that of the canonical activated monomers (A, U, G, or C; [Fig. 2 *B* and *C*](#fig02){ref-type="fig"}) across from their Watson--Crick pairing partners on the template ([Fig. 2*B*](#fig02){ref-type="fig"}). The observed rates (*k*~*obs*~) varied over three orders of magnitude, indicating that, as expected, the identity of the nucleobase plays a critical role in the rate of template-directed primer extension. Activated canonical monomers that form Watson--Crick base pairs with the template exhibited rates of primer extension ranging from 3.1 to 11.7 h^−1^. The activated 8-oxo-purine monomers exhibited drastically slower rates of primer extension across from all the canonical nucleotides. Although addition rates of the 8-oxo-purine monomers opposite Watson--Crick pairing partners were higher than their addition rates when opposite Hoogsteen pairing partners, both were at least 100-fold slower than that of the standard purine monomers with Watson--Crick pairing to the template. Overall, 2AIp-8-oxo-purines were incorporated at rates similar to those of the canonical nucleotides when mismatched with the template.

Primer Extension Across 8-Oxo-Purines in the Template Strand. {#s3}
-------------------------------------------------------------

Although templates containing 8-oxo-purines would only rarely be generated by the copying chemistry described earlier, they could potentially be generated by the nontemplated polymerization of activated monomers (e.g., in ice eutectic phases). In addition, the 8-position of purines is susceptible to oxidative damage, suggesting that 8-oxo-purine-containing templates could be generated by radical oxidation of the parent nucleobases ([@r29]) (e.g., in environments subject to high levels of radiation). We therefore examined the effects of 8-oxo-purine nucleotides at internal positions in the template strand ([Fig. 2*C*](#fig02){ref-type="fig"}). To measure the rates of primer extension with activated canonical nucleotides (2AIpN) across from template sites consisting of 8-oxo-purine nucleotides ([Fig. 2*C*](#fig02){ref-type="fig"}), we prepared RNA templates containing 8-oxo-A and 8-oxo-G by solid phase synthesis. Intriguingly, 8-oxo-G-containing templates show high rates of primer extension with both activated C and A monomers (∼4 h^−1^); whereas the 2AIp-8-oxo-G incorporation rate was almost negligible across from either C or A in the template (\<0.05 h^−1^). Compared with the corresponding canonical purines, 8-oxo-purine templates have lower rates of primer extension with Watson--Crick pairing monomers, whereas they have much higher rates for Hoogsteen pairing monomers (8OxG:A and 8OxA:G). Thus, the estimated error rates for the copying of 8-oxo-purines in a template were quite high, with μ~8OxG~ = 0.54 and μ~8OxA~ = 0.19 ([Fig. 2*C*](#fig02){ref-type="fig"}).

Primer Extension with Inosine as Monomer and in the Template. {#s4}
-------------------------------------------------------------

As a control for comparison with 8-oxo-inosine, and to further examine the competency of noncanonical nucleobases in nonenzymatic primer extension, we evaluated the rates of primer extension using inosine in nonenzymatic primer extension reactions ([Fig. 3*A*](#fig03){ref-type="fig"}). We used the same reaction conditions as used previously in evaluating activated 8-oxo-purine monomers to measure the addition of 2AIpI across from A, U, G, C, and I on the template ([Fig. 3*B*](#fig03){ref-type="fig"}). Unlike activated 8-oxo-purine monomers, the inosine monomer showed a high rate of primer extension (6.4 h^−1^) when paired with cytosine in the template. Of note, this rate was faster than the rate of A addition when paired with U in the template (3.1 h^−1^), and was comparable to the observed addition rates for the other canonical Watson--Crick base pairs. Interestingly, the rate of addition of I across from U in the template was slower (0.17 h^−1^) than the rate of incorporation of G opposite U (0.58 h^−1^; [Fig. 3*C*](#fig03){ref-type="fig"}). Primer extension with activated I across from A and I in the template was very slow, exhibiting similar behavior to activated G ([Fig. 3*C*](#fig03){ref-type="fig"}). These incorporation rates, taken together, demonstrate that I behaves similarly to G as an activated monomer, but might exhibit modestly higher fidelity because of the reduced rate of incorporation of I vs. G when paired with U in the template.

![Evaluation of inosine nucleotide in nonenzymatic primer extension. (*A*) Schematic representation of a primer extension reaction. 2AIpP~1~ represents 2-aminoimidazole-activated monomers, and 2AIpNNN represents 2-aminoimidazole-activated trimer helper. (*B*) Rates of primer extension for 2AIpP~1~ across A, U, C, and I. Projected misincorporation rates (μ~N~) for template bases N~1~ were determined by dividing the sum of the incorporation rates across the incorrect pairs by the sum of all of the incorporation rates across represented P~1~ bases. (*C*) Rates of primer extension for 2AIpP~1~ across A, U, C, and G. Projected misincorporation rates (μN) were determined analogously as in *B*, with G replacing I. All reactions were performed at pH 8.0, 200 mM Hepes, 50 mM Mg^2+^, 20 mM 2AIpP1, 0.5 mM of activated trimer. See [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental) for kinetic analysis of primer extension reactions ([*SI Appendix*, Figs. S8--S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental)). Values are reported as the mean +/− SD from triplicate experiments.](pnas.1814367115fig03){#fig03}

Given the comparable rates of primer extension with inosine and guanosine as monomers, we further evaluated inosine at internal positions in the template. Most important, the rate of primer extension with 2AIpC across from I in the template was similar to the rate of 2AIpI addition across from C in the template, and these rates were comparable to the rate of primer extension with 2AIpC across from G in the template ([Fig. 3*C*](#fig03){ref-type="fig"}). On the basis of the observed rates of primer extension with A, U, C, and I as activated monomers, across from inosine in the template, the projected error rate (μ~I~) for copying of inosine within the template was 0.0089. This misincorporation rate was slightly lower than that calculated for both G (μ~G~ = 0.011) and A (μ~A~ = 0.020) within the template. Overall, a system with A, U, C, and I in the template and activated A, U, C, and I as monomers has an average projected error rate of 0.049, slightly lower than that of the corresponding system with A, U, C, and G, which has an estimated error rate of 0.066. The rates of primer extension with I and G, together with fidelity data, all indicate that I and G behave similarly, with I acting as a slightly superior nucleotide in nonenzymatic primer extension ([Fig. S26](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental)).

Given the high rate of I addition across from C in the template, we evaluated the Michaelis-Menten parameters for primer extension with both G and I on a 3′-CCC-5′ template ([Fig. 4](#fig04){ref-type="fig"}). We measured primer extension rates for a range of monomer concentrations to allow estimation of *V*~max~ and *K*~M~ values. The *K*~M~ for 2AIpI (∼8.0 mM) was approximately sevenfold higher than that of 2AIpG (∼1.1 mM), whereas the *V*~max~ for 2AIpI and 2AIpG differed by less than twofold (7.9 and 13.2 mM⋅h^−1^, respectively). The estimated catalytic efficiency (*V*~*max*~/*K*~*M*~) was an order of magnitude higher for guanosine relative to inosine across from cytidine, primarily because of the tighter binding of the activated guanosine mononucleotide.

![Michaelis-Menten study of the nonenzymatic RNA copying rates of 2AIpG and 2AIpI addition across from C in the template. (*A*) Plot of *k* (h^−1^) against the concentration of 2AIpI and 2AIpG. All reactions were performed at pH 8.0, 200 mM Hepes, 50 mM Mg^2+^, 0.5 mM of activated trimer. (*B*) Michaelis-Menten parameters (*V*~max~ and *K*~M~) for 2AIpG and 2AIpI. See [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental) for kinetic analysis of primer extension reactions ([*SI Appendix*, Figs. S11--S24](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental)).](pnas.1814367115fig04){#fig04}

Effect of 8-Oxo-Purines and Inosine at the 3′-End of the Primer. {#s5}
----------------------------------------------------------------

Previous reports indicate that the rate of primer extension is strongly dependent on the nature of the last primer--template base pair. A factor of 30--200-fold rate decrease has been observed for non-Watson--Crick, nonwobble base pairs at the 3′ end of 3′-amino-2′,3′-dideoxynucleotide-terminated primers ([@r15]). Because of this potentially large effect, we explored the influence of noncanonical bases at the 3′-end of the primer. We therefore measured the rate of nonenzymatic RNA primer extension using RNA primers containing either 8-oxo-purines or inosine at the 3′-terminus, opposite all four canonical nucleotides in the template. In each case, we measured the rate of primer extension, using 2AIpG as the monomer on a 3′-CCC-5′ template. Because G is incorporated efficiently on an oligo-C template, no downstream-activated helper oligonucleotide was used ([Fig. 5*A*](#fig05){ref-type="fig"}). Stalling factors (*S*), the ratio of the rate of primer extension with Watson--Crick pair divided by the rate of primer extension with a mismatched pair, were calculated. For example, the stalling factor for primer extension beyond a 3′-terminal inosine in a terminal C:I pair is calculated as *S*~C:I~ = *k*~C:G~/*k*~C:I~, where *k*~C:G~ is the extension rate beyond a C:G pair, and *k*~C:I~ is the extension rate beyond the C:I pair (see [*Materials and Methods*](#s7){ref-type="sec"} for additional details) ([@r15]). A higher value corresponds to increased stalling resulting from the 3′-terminal primer--template pair. A primer terminated with inosine at the 3′ position gave a minimal stalling factor of 1.3 when the inosine could form a Watson--Crick C:I pair with C in the template. Stalling factors for I and G opposite the wobble-pairing partner U were similar, at 1.8 and 0.57. Stalling factors for inosine were much higher for all other non-Watson--Crick pairs ([Fig. 5*B*](#fig05){ref-type="fig"}).

![(*A*) Schematic representation of nonenzymatic primer extension with a primer that contains a noncanonical nucleotide (P~0~) 3′ end. (*B*) Stalling factors (*S*~P:N~) of nonenzymatic RNA polymerization of 2AImpG. See [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental) for kinetic analysis of primer extension reactions ([*SI Appendix*, Figs. S27--S36](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental)).](pnas.1814367115fig05){#fig05}

In contrast to the favorable properties of inosine, primer extension rates for primers with 3′-terminal 8-oxo-purines were much slower, with stalling factors of 6.9--55. When 8-oxo-purines are paired across the corresponding Watson--Crick nucleotide in the template, the stalling factors were 12 and 24 for 8-oxo-G and 8-oxo-A, respectively. When the template nucleotide could potentially form a Hoogsteen base pair with the nucleotide at the end of the primer (A:8OxG and G:8OxA, for instance), high stalling factors were also observed. These results suggest that 8-oxo-purine monomers would not be functional components of a nonenzymatic RNA copying system; not only are the 8-oxo-purine monomers very poor substrates for primer extension, but if they are incorporated, they strongly inhibit the next step of primer extension.

Discussion {#s6}
==========

We have found that two different classes of noncanonical nucleotides, 8-oxo-purines and inosine, behave very differently in nonenzymatic primer extension. Three separate lines of evidence suggest that the 8-oxo-purines are unlikely to have been a functional component of a primitive RNA-based genetic system: the incorporation of the 8-oxo-purine monomers in helper-assisted primer extension is kinetically slow, and in the rare cases where an 8-oxo-purine residue is incorporated at the 3′ end of a primer, subsequent primer extension is also very slow. In addition, 8-oxo-adenosine in a template leads to slow primer extension with U, whereas 8-oxo-guanosine in a template results in highly error prone primer extension. It is known that the 8-oxo-modified purine nucleotides have different proportions of glycosidic conformations (*syn* vs. *anti*) relative to their canonical counterparts ([@r30]). We believe that the poor primer extension observed for the 8-oxo purines may be a direct result of this conformational state. Oxidative damage of the standard purines in a template strand would be strongly deleterious and conditions that promote extensive guanosine oxidation would likely be incompatible with the emergence of functional RNAs from nonenzymatic RNA replication.

In contrast to the 8-oxo-purines, inosine behaves as a reasonable monomer in nonenzymatic RNA primer extension. As an activated monomer, it is incorporated with a rate comparable to that of guanosine, and the I:C base pair at the end of a primer exhibits a minimal stalling effect. In the template, I was copied with a rate and fidelity similar to that of G. The fidelity with which a template that contained I (AUIC) was copied with A, U, C, and I monomers (error frequency, 0.049) was slightly better than that with which an AUCG template would be copied with A, U, C, and G as monomers (error frequency, 0.066). Interestingly, the fidelity of the mixed system in which A, U, C, and I monomers are copying an AUGC template was similar, with an error rate of ∼0.050. The mixed system in which A, U, C, and G monomers are copying an A, U, I, C template had a slightly higher misincorporation rate of ∼0.075 ([*SI Appendix*, Fig. S25](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental)). The fidelity of RNA copying with inosine in place of guanosine requires further study, as both sequence context and reaction conditions such as nucleotide concentrations are likely to affect the error rates. For example, fidelity might be significantly improved simply because of competition for binding to the template when all four monomers are present together. In addition, the stalling effect will certainly increase the fidelity of the most rapidly completed copies of a template. Assuming that purine--purine mismatches essentially permanently stall primer extension, while ignoring the minimal stalling observed for wobble-pairs, an estimated overall error rate for the A, U, C, and I system was calculated to be 0.024. These assumptions have a smaller effect on the estimated error rate A, U, C, G system (0.050), where errors are dominated by G:U wobble pairing ([*SI Appendix*, Fig. S26](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental)).

Orgel and coworkers previously studied nonenzymatic primer extension with inosine, and reported poor copying of dC-rich templates with 2-methylimidazole-activated inosine ([@r13]). In addition, cytidine activated with 2-methylimidazole showed negligible primer extension across from inosine on a DNA template ([@r12]). Our results differ significantly from these earlier observations. However, there are several important differences in the conditions in which template-directed synthesis experiments were carried out. Notably, as first described by Orgel and coworkers ([@r31]), template-directed polymerization of activated RNA mononucleotides is more efficient on RNA templates (e.g., our current work using an RNA primer--template duplex) relative to DNA templates (e.g., previous work on inosine by Orgel's group). Moreover, our primer extension reactions made use of activated trimer helpers to further catalyze the reaction. Last, we used a superior leaving group, 2-aminoimidazole, for our primer extension reactions, whereas previous work was carried out using the less effective 2-methylimidazole leaving group. Our optimized conditions for RNA copying may have more prebiotic relevance, given that our group has previously described a prebiotically plausible synthesis of 2-aminoimidazole ([@r32]).

Previous work from our laboratory has shown that s^2^U or s^2^rT in place of U can lead to substantial improvements in fidelity. Future work should address the fidelity of template copying in systems that contain these and other modified nucleotides. Nevertheless, our current observations suggest that the primordial genetic polymer could have been a version of RNA in which inosine took the place of guanosine, either partially or completely.

One of the key challenges in nonenzymatic RNA replication is strand separation, which is necessary to propagate RNA replication. RNA duplexes of 30--50 nucleotides are extremely thermostable, making RNA strand separation a significant challenge ([@r33]). Thus, factors that lower the melting temperature of RNA duplexes without compromising RNA copying are of considerable interest. The weaker I:C base pairs formed as a result of template copying would decrease the overall melting temperature of the product duplex. Previous reports indicate that substituting guanosine with inosine decreases the stability of RNA duplexes by 3.44 kcal/mol per G:C to I:C change, primarily because of the lack of hydrogen bonding to the C2-carbonyl of cytidine ([@r34]). With inosine in place of guanosine, long RNA duplexes will have lower melting temperatures, and thus, inosine could potentially facilitate RNA replication via thermal cycling.

Our results inform the constraints we place on the prebiotic synthesis of nucleotides, because just as the pathway to C also provides U by deamination, so a pathway to A could also provide I by deamination. Although the spontaneous deamination of A to I is very slow, this conversion is greatly accelerated by the presence of nitrous acid, which in turn can be derived from atmospherically generated NO, or NO from cometary impacts. It has recently been proposed that dilute atmospherically derived NO could be concentrated by coordination with ferrocyanide complexes in the form of nitroprusside, which in turn could serve as a starting material for isonitrile-mediated nucleotide activation with 2-aminoimidazole ([@r35]). A dual role for NO in nucleotide activation chemistry, and more directly in nucleotide synthesis through the deamination of adenosine to inosine, would be a satisfyingly parsimonious systems approach to both the origin of RNA and RNA replication. Assuming that sufficient I can be derived from A, the search for a prebiotically plausible path to the purine nucleotides need not extend beyond the identification of a path to the synthesis of adenosine.

Materials and Methods {#s7}
=====================

The primer--template duplex was first annealed in a solution of 50 mM NaCl, 50 mM Na-HEPES at pH 8.0, and 1 mM Na~2~EDTA, by heating at 95 °C for 1 min and then cooling down to 25 °C at a rate of 0.1 °C/s. The primer--template mixture was diluted fourfold into a solution containing 50 mM MgCl~2~ and 200 mM Na-HEPES at pH 8.0. The reaction mixture was initiated by adding 20 mM activated monomer. If a trimer helper was used in the reaction, it was added at a 0.5 mM concentration. Aliquots (1 μL each) were removed and were mixed with 29 μL quenching buffer containing 12.5 mM EDTA, 75 μM complementary strand in 90% formamide solution. These quenched samples were heated at 95 °C for 1 min, and 3 μL aliquot was separated by 20% denaturing PAGE gel with 7 M urea. The gel was scanned using a Typhoon 9410 scanner, and the bands were quantified using ImageQuant TL software. Detailed experimental protocols are provided in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814367115/-/DCSupplemental).
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